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Laminar convectionAbstract The present work investigates numerically the effects of cavities’ aspect ratio and tilt
angle on laminar natural convection of air in inclined rectangular cavities with two localized heat
sources. A mathematical model was constructed where the conservation equations governing the
mass, momentum and thermal energy together with their boundary conditions were solved. The cal-
culation grid is investigated to determine the best grid spacing, number of iterations, and other
parameters which affect the accuracy of the solutions. The numerical method and computer pro-
gram were tested for pure conduction and convection with full heating (e= 1) to assure validity
and accuracy of the numerical method.
The investigation used rectangular enclosures with position ratios of the heaters, B1 = 0.25,
B2 = 0.75, size ratio, e= 0.25, and covered Rayleigh numbers based on scale length, s/A ranging
from 103 to 106. The tilt angle from the horizontal was changed from U= 0 to 180, and the aspect
ratio was taken as A= 1, 5, and 10. The results are presented graphically in the form of streamlines
and isotherm contour plots. The heat transfer characteristics, and average Nusselt numbers were
also presented. A correlation for Nu is also given.
 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Natural convection in enclosures has been extensively studied
in the past both analytically and experimentally. Chu et al. [1]
reported an extensive survey on natural convection from a dis-
crete heater in an enclosure. They examined the effect of heater
location in the enclosure with A= 0.4–5, Pr = 0.72, U= 90,
and for a range of Rayleigh number, RaH up to 10
5. They
found that the Nusselt number, NuH was proportional toRaH for any location of the discrete heat source. Turner and
Flack [2,3] have experimentally examined the heat transfer in
geometry similar to that used by Chu et al. [1] for Grashof
numbers, GrH up to 9  106. They obtained the same form
of correlation as NuH ¼ C1 Grc2H , where C1 and C2 are func-
tions of size ratio, e. Yovanovich [4] reported an expression for
the thermal constrictive resistance, rc of a discrete heat source
on a rectangular solid region with the heat sink on the opposite
side and other sides are insulated. The expression is given as
rc = (1/p k) ln [(1/sin (pe/2) cos p (B0.5)].
Elsherbiny et al. [5] determined experimentally the effect
of heater location using three heaters on the hot wall. They
measured Nu for each heater and found that Nu for upper
heater was decreased up to a certain Ra and then increased.
Nomenclature
A aspect ratio of enclosure, A ¼ H=L
b1 distance from x= 0 to the center of the lower
heater, m
b2 distance from x ¼ 0 to the center of the upper
heater, m
B1 position ratio of the lower heater, B1 ¼ b1=H
B2 position ratio of the upper heater, B2 ¼ b2=H
Cp specific heat at constant pressure, J/(kg K)
g gravitational acceleration, m/s2
Gr Grashof number, Gr = gb (ThTc)_s(s/A)3/m2
H width of enclosure, m
h average heat transfer coefficient, W/m2 K
hx local heat transfer coefficient, W/m
2 K
k thermal conductivity, W/m K
L height of enclosure, m
Nu average Nusselt number, hðs=AÞ=k
Nux local Nusselt number, hxðs=AÞ=k
pd dynamic pressure, N/m
2
Pd non-dimensional dynamic pressure,
Pd ¼ pdðs=AÞ2=qa2
Pr Prandtl number, Pr ¼ l Cp=k
rc constriction resistance, K/W
Ra Rayleigh number based on (s/A),
Ra ¼ gbðTh  TcÞ  ðs=AÞ3=ma
s length of heat source, m
T local fluid temperature, K
Tc temperature of cold surface, K
Th temperature of discrete heat source, K
DT temperature difference, DT ¼ Th  Tc, K
u dimensional velocity component in x direction,
m/s
U non-dimensional velocity component in X direc-
tion, U ¼ uðs=AÞ=a
v dimensional velocity component in y direction, m/s
V non-dimensional velocity component in Y direc-
tion, V ¼ vðs=AÞ=a
x dimensional coordinate, m
X non-dimensional coordinate, X ¼ x=ðs=AÞ
y dimensional coordinate, m
Y non-dimensional coordinate, Y ¼ y=ðs=AÞ
Greek symbols
a thermal diffusivity, k=qCp, m
2/s
b coefficient of volumetric thermal expansion, K1
q local density, kg/m3
qc cold density, kg/m
3
l dynamic viscosity, kg/m s
m kinematic viscosity, m ¼ l=q, m2/s
U angular coordinate, rad
b dimensionless temperature,H ¼ ðT TcÞ=ðTh  TcÞ
e size ratio, s=H
918 S.M. Elsherbiny, O.I. IsmailMarkatos and Pericleous [6] have experimentally examined
the heat transfer in a square enclosure (A= 1), full contact
heated wall (e= 1), Pr = 0.71, U= 90, B= 0.50, and the
range of Ra from 103 to 1012. They obtained the velocity dis-
tribution and a correlation of Nusselt numbers as a function
of RaH as NuH = C1. (RaH)
C2, where C1 and C2 depend on
RaH. Keyhani et al. [7] have experimentally studied the heat
transfer in an enclosure filled with ethylene glycol. The hot
wall consisted of 11 discrete isoflux heaters where
A= 16.5, Pr = 150, and the local modified Rayleigh number
was in the range of 9.3  1011 to 1.9  1012. They correlated
the local Nusselt number as Nux = 1.009 Rax
0.1805, where
‘‘x” is the local height, measured from bottom of cavity to
mid-height of the heated section. Chadwick et al. [8] have
experimentally examined the heat transfer in a rectangular
enclosure with an isoflux heating mode with A= 5,
Pr = 0.71, e= 0.133, U= 90, and Gr* (Gr* = gbs4/km2)
ranged from 104 to 5  105. They obtained the value of aver-
age Nusselt number as a function of Gr* based on heater
length. The average Nusselt number was obtained as
Nu = C1. (Gr*)C2, where C1 and C2 are functions of e. Also,
they obtained the value of local Nusselt number as a func-
tion of Grx
* and the local modified Grashof number based
on distance from leading edge of heater (Grx
* = gbx4/km2)
and ‘‘x” is the distance from the leading edge of the heater
to any point at heater surface. The local Nusselt number,
Nux was correlated as Nux = C1_s(Grx*)
C2, where C1 and
C2 are functions of B.Ho and Chang [9] studied numerically and experimentally
the influence of aspect ratio on heat transfer in an enclosure
which has 4 isoflux heaters where A changed from 1 to 10,
Pr = 0.71, U= 90 and a range of RaH* from 104 to 106. They
obtained the value of Nusselt number, NuH as NuH = C1_s
(RaH
*)C2. AC3, where C1, C2 and C3 are constants depending
on heater arrangement. Heindel et al. [10,11] have experimen-
tally studied the heat transfer in a rectangular enclosure. The
heat wall consisted of 3  3 array of heaters where U= 90,
A ranged from 2.5 to 7.5, Pr ranged from 5 to 25, and RaL ran-
ged from 105 to 108. They obtained the value of Nu for each
row of heaters as Nu = C_sRa0.25 where C is a function of
row arrangement.
Ahmed and Yovanovich [12] studied numerically the influ-
ence of discrete heat source location on natural convection
heat transfer in a range of Ra*, based on scale length, s/A from
0 to 106, Pr = 0.72, A= 1, B= 0.5 and 0 6 e 6 1.0. They
obtained analytical correlations for this problem for either
isothermal heat source or isoflux heat source.
Al-Bahi et al. [13] studied numerically the effect of heater
location on local and average heat transfer rates in an enclo-
sure which has a single isoflux heater where A= 1,
Pr = 0.71, U= 90, e= 0.125, Ra* ranges from 103 to 106
and B= 0.25, 0.50 and 0.75. They obtained isotherms, stream-
lines and temperature distribution characteristics at high and
low Ra*. Al-Bahi et al. [14] studied numerically the effect of tilt
angle from horizontal on local and average heat transfer rates
in an enclosure which has a single isoflux heater where A= 5,
Horizontal
Figure 1 A sketch of the problem.
Heat transfer in air rectangular cavities 919B= 0.50, e= 0.125. U is varied from 0 to 180, Pr = 0.71
and Ra* ranges from 102 to 106. They obtained isotherms
and streamlines plots for different Ra*.
Sezai and Mohamad [15] studied numerically the effect of
heater size ratio on average heat transfer rates in a rectangular
enclosure which has a single heater where, U= 0, 0 6 e 6 1,
Pr = 0.71, and Rayleigh numbers based on enclosure height,
RaLP 103. They found that Nu was decreased when e
increased. Aydin and Pop [16] studied numerically the effect
of heater size, Rayleigh number, and Prandtl number on heat
transfer rate in an enclosure where U= 90, and B= 0.50.
They presented the results in the form of isotherms and
streamlines plots as well as the variation of the local Nusselt
number through the discrete heater. Saeid and Pop [17] studied
numerically the effect of heater size, location and aspect ratio
on heat transfer rate in a porous cavity saturated with water
which possesses a density maximum in the vicinity of 3.98 C
where U= 90, and 50 6 Ra 6 1000. They found that for long
heater and low Ra, the maximum heat transfer occurs when
B= 0.50. For short heater and high Ra, fixing the heater in
the upper half of the vertical wall leads to an enhancement
of the heat transfer. Also, increasing Amore than 0.50, Nu will
be increased. Saeid [18] studied numerically the influence of
discrete heat source location on natural convection heat trans-
fer in a range of Ra from 10 to 103, A= 1 and 0.1 6 e 6 0.50.
He found that the maximum average Nusselt number takes
place when the heater is placed near the bottom of the vertical
wall for high values of Ra and relatively higher location for rel-
atively low values of Ra for both isothermal or isoflux heat
source.
Bae et al. [19] studied numerically the effect of number of
heaters (full contact heat source, e= 1) where 104 6 Ra 6 108.
They found that, at low Ra, heat transfer across the enclosure
is strengthened as the number of heaters increases. Corvaro
and Paroncini [20] studied numerically and experimentally
the effect of heater location where A= 1, and Pr = 0.71 using
three heaters on the hot wall. They measured temperature dis-
tribution and Nusselt numbers at different Rayleigh numbers
on the heated strip. Ramadhyani and Incropera [21] have
experimentally determined the heat transfer coefficient for var-
ious flow rates, fluids, heater sizes, and enclosure dimensions.
Jin et al. [22] studied numerically the effect of slowly rotating
an enclosure (about its longitudinal horizontal axis) with 3
rows of discrete heat sources on Nu and heat transfer where
A= 3.75, and 7.5, 103 6 Ra* 6 107, and Pr = 0.71. They
found that heat transfer behavior for the heaters of rows 1,
and 3 is asymmetrical. Choi and Ortega [23] studied numeri-
cally the effect of inlet flow velocity and the inclination angle
on Nu and heat transfer where Pr = 0.71. They found that
Nu strongly depends on the inclination angle in natural and
forced regimes. Papanicolaou and Gopalakrishna [24] studied
numerically the effect of aspect ratio, size ratio, and Rayleigh
number on Nu and heat transfer for isoflux discrete heating
where Pr = 0.71, and U= 0. They found that the value of
Nu depends on aspect ratio, size ratio, and Rayleigh number
for single and multiple heaters.
Yucel et al. [25] studied numerically the effect of aspect
ratio, size ratio, inclination angle, and Rayleigh number on
Nu where 0 6 U 6 90, 0.1 6 e 6 1.0, 5 6 A 6 20, and
103 6 Ra 6 105. They obtained isotherms, streamlines, and tem-
perature distribution characteristics for different Ra. Teamahand El-Maghlany [26] investigated the augmentation of natu-
ral convection in a square cavity using nanofluids in the pres-
ence of a magnetic field and uniform heat generation/
absorption. They predicted values for the average Nusselt
number for various parametric conditions.
2. Mathematical model
The configuration under consideration is shown schematically
in Fig. 1.
The fluid in the enclosure is air (Pr = 0.71) with constant
properties except for the density in the buoyancy force compo-
nents existing in the momentum equations. The Boussinesq
approximation will relate the variable density to the local tem-
perature. In other words, the two momentum equations will be
coupled with the energy equation. The differential equations
governing the conservation of mass, momentum, and thermal
energy are given as
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The mathematical set of equations, the continuity Eq. (1),
the momentum Eqs. (2) and (3), and the energy Eq. (4) have
to be solved numerically. In order to reduce the computational
effort, it is necessary to cast the set of equations in a dimen-
sionless form. Introducing the following dimensionless
variables
Table 1 Average Nusselt numbers for different grid meshes.
DX Grid Average Nu % Deviation
0.10 22  22 3.696 5.6
0.05 42  42 3.531 0.91
0.033 62  62 3.506 0.2
0.025 82  82 3.499 0
3.40
3.50
3.60
3.70
3.80
0 0.05 0.1 0.15
Nu
ΔX
Figure 2 Effect of spacing on average Nusselt number.
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The dimensionless governing equations will result in
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The discrete heat sources ‘‘heater plates” are heated at Th
and the opposing wall is cooled to Tc. All other walls are
assumed adiabatic. On all solid walls, the no slip condition
of the fluid is assumed so that fluid velocity components u
and v have to be annihilated. Thus, the boundary conditions
in terms of the dimensionless variables are given as follows:
(a) For the cold wall:h ¼ 0; U ¼ 0; V ¼ 0 ð9Þ(b) For right/left adiabatic walls:@h
@X
¼ 0; U ¼ 0; V ¼ 0 ð10Þ(c) For adiabatic portions on hot wall:@h
@Y
¼ 0; U ¼ 0; V ¼ 0 ð11Þ(d) For the heater plates:h ¼ 1; U ¼ 0; V ¼ 0 ð12ÞLocal Nusselt number is defined as
Nux ¼ hx s=Að Þ
k
¼  ðs=AÞ
Th  Tc
 
@T
@y
ð13Þ
The average Nusselt number, Nu can be calculated by
Nu ¼ h s=Að Þ
k
¼  1
A
 X @h
@Y
DX . . . . . . . . . on heated surfaces
ð14ÞThe grid used in the numerical solution is uniform. The grid
size in each of x- and y-directions is fixed with different values
in each direction. Different grid meshes were tried to determine
the best grid size, which gives the most accurate Nusselt num-
ber, Nu to be used as the numerical solution.
Table 1 shows the effect of grid mesh size on the average
Nusselt number for case of (Ra = 104, A= 1, B= 0.5 and
e= 0.5) using a single discrete heater. Increasing the number
of nodes in x- and y-directions more than 42 did not increase
the accuracy of Nu more than 0.91%. Due to the increased run
time, it was decided that it is good enough to use the grid
42  42.
The spacing between nodes in x-direction (DX) was chan-
ged from 0.025 to 0.1. It is shown that DX= 0.025 is good
enough to reach a reasonable accuracy. Fig. 2 gives the effect
of the spacing between nodes in x-direction (DX) on average
Nusselt number.
The computer program used to solve the above equations is
based on the finite difference technique developed by Patankar
[27]. This was based on the discretization of the governing
equations using the central differencing in space. The dis-
cretized equations were solved by the Gauss–Seidel elimination
method. The iteration method used in this program is a line-
by-line procedure, which is a combination of the direct method
and the resulting Tri Diagonal Matrix Algorithm (TDMA).
The procedure used by Patankar [27] is to solve simultaneously
the continuity and momentum equations then the thermal
energy equation.
3. Results
3.1. Streamlines and isotherms
3.3.1. For A= 1, and U= 0
Fig. 3 shows the streamlines ‘‘top” and the isotherms
‘‘bottom” of the case A= 1, and U= 0, with e= 0.25,
B1 = 0.25 and B2 = 0.75. For Ra = 10
3, one big single roll
with low rotational speed is shown. At Ra = 104, two longitu-
dinal rolls rotating at opposite directions are seen. For
[a] Ra = 103 [b] Ra = 104 [c] Ra = 106
Figure 3 Streamlines ‘‘top” and isotherms ‘‘bottom” [A= 1, U= 0, e= 0.25, B1 = 0.25 and B2 = 0.75].
[a] Ra = 103 [b] Ra = 104 [c] Ra = 106
Figure 4 Streamlines ‘‘top” and isotherms ‘‘bottom” [A= 1, U= 30, e= 0.25, B1 = 0.25 and B2 = 0.75].
Heat transfer in air rectangular cavities 921Ra = 106, the two rolls merged together forming one big cell
rotating at a higher velocity. The isothermal lines for
Ra = 103, are clustered at one heater with higher local heat
transfer. For Ra = 104, there is a symmetry at the cavity ver-
tical centerline with identical values for both heaters. For
Ra = 106, the isotherms show the turbulence in the cavity core
and they are close at one heater at a time which calls for an
oscillating flow since the cavity is horizontal.3.3.2. For A = 1, and U= 30
Fig. 4 shows the streamlines ‘‘top” and the isotherms ‘‘bot-
tom” of the case A= 1, and U= 30, with e= 0.25,
B1 = 0.25, and B2 = 0.75. For Ra = 10
3, one big single roll
with low rotational speed is shown. At Ra = 104, the stream-
lines did not change but the intensity increased. The core of the
vortex is still circular with its center near the center of the cav-
ity. For Ra = 106, the streamlines are more pushed close to
[a] Ra = 103 [b] Ra = 104 [c] Ra = 106
Figure 5 Streamlines ‘‘top” and isotherms ‘‘bottom” [A= 1, U= 60, e= 0.25, B1 = 0.25, and B2 = 0.75].
[a] Ra = 103 [b] Ra = 104 [c] Ra = 106
Figure 6 Streamlines ‘‘top” and isotherms ‘‘bottom” [A= 1, U= 90, e= 0.25, B1 = 0.25 and B2 = 0.75].
922 S.M. Elsherbiny, O.I. Ismailthe walls and few cells appeared in the center. The isothermal
lines for Ra = 103, are clustered at the lower heater with
higher local heat transfer. For Ra = 104, the effect of convec-
tion is more pronounced in the isotherms; the isothermal lines
are parallel near the cold wall where heat transfer is a transi-
tion from conduction to convection. For Ra = 106, the iso-
therms are clustered near the surface of the two heaters and
show the increased effect of convection.3.3.3. For A = 1, and U= 60
Fig. 5 shows the streamlines ‘‘top” and the isotherms ‘‘bot-
tom” of the case A= 1, U= 60, e= 0.25, B1 = 0.25, and
B2 = 0.75. For Ra = 10
3, one big single roll with low rota-
tional speed is shown. The center of the vortex is near the cen-
ter of the cavity. At Ra = 104, the core of the vortex is
elongated slightly taking an elliptical shape. For Ra = 106,
the streamlines take a rectangular shape and the vortices at
Heat transfer in air rectangular cavities 923the center are distorted. The isothermal lines for Ra = 103, are
clustered at the lower heater with higher local heat transfer.
For Ra = 104, the effect of convection is more pronounced
in the isotherms; the isothermal lines are parallel near the cold
wall. For Ra = 106, the isotherms are clustered on the two
heaters indicating that the effect of convection is increased.
The isotherms are horizontal at the core of the cavity.
3.3.4. For A = 1, and U= 90
Fig. 6 shows the streamlines ‘‘top” and the isotherms
‘‘bottom” of the case [A= 1, U= 90, e= 0.25, B1 = 0.25,
and B2 = 0.75]. For Ra = 10
3, one big single roll with low
rotational speed is shown. The center of the vortex is near
the center of the cavity. At Ra = 104, the core of the vortex
is distorted and moved slightly downward and near the cold
wall. For Ra = 106, the streamlines take a rectangular shape
and the vortices at the center are distorted. The isothermal
lines for Ra = 103, are clustered at the lower heater with
higher local heat transfer. For Ra = 104, the effect of convec-
tion is more pronounced in the isotherms. For Ra = 106, the
isotherms are clustered on the two heaters and the effect of
convection is increased. The isotherms are horizontal at the
core of the cavity which indicates a stratified flow.
3.3.5. For A = 1, and U= 120
Fig. 7 shows the streamlines ‘‘top” and the isotherms
‘‘bottom” of the case [A= 1, U= 120, e= 0.25, B1 = 0.25,
and B2 = 0.75]. For Ra = 10
3, one big single roll with low
rotational speed is shown. The center of the vortex is near
the center of the cavity. At Ra = 104, the streamlines become
rectangular and the core is elongated with two circulations in
the center. For Ra = 106, the streamlines become irregular
with little flow near the upper heater. The isothermal lines
for Ra = 103, are clustered at the lower heater with higher
local heat transfer. For Ra = 104, the effect of convection is[a] Ra = 103 [b] Ra = 1
Figure 7 Streamlines ‘‘top” and isotherms ‘‘bottom” [Amore pronounced in the isotherms. For 106, the isotherms
are still clustered on the lower heater. The isotherms are hori-
zontal at the core of the cavity which indicates a stratified flow.
3.3.6. For A = 1, and U= 150
Fig. 8 shows the streamlines ‘‘top” and the isotherms
‘‘bottom” of the case [A= 1, U= 150, e= 0.25, B1 = 0.25
and B2 = 0.75]. For Ra = 10
3, one big single roll with low
rotational speed is shown. At Ra = 104, the core is distorted
with two circulations one near the heaters and the other near
the cold wall. For Ra = 106, the flow is mainly consisted of
two vortices with a dead zone separating the upper vortex from
the lower vortex. The isothermal lines for Ra = 103, are paral-
lel to the cold wall which indicates that heat is transferred
mainly by conduction. For RaP 104, the lines become hori-
zontal with higher heat transfer close to the top of the cold
wall.
3.3.7. For A = 1, and U= 180
Fig. 9 shows the streamlines ‘‘top” and the isotherms
‘‘bottom” of the case [A= 1, U= 180, e= 0.25, B1 = 0.25,
and B2 = 0.75]. For Ra = 10
3, four small vortices are formed
in the upper portion of the cavity near the heater plates. The
lower portion is a dead zone. There is symmetry about the
vertical axis of the cavity. At Ra = 104, the size of the vortices
shrinks and the rotational speed gets higher. For Ra = 106,
the dead zone dominates the space of the cavity and the flow
is restricted to a small area near the heater plates. As Ra
increases from 103 to 106, the isothermal lines do not change.
They consist of horizontal lines parallel to the cold wall which
indicates that conduction is dominant.
3.3.8. For A = 5, and U= 0
Fig. 10 shows the streamlines ‘‘top” and the isotherms
‘‘bottom” of case [A= 5, U= 0, e= 0.25, B1 = 0.25, and04 [c] Ra = 106
= 1, U= 120, e= 0.25, B1 = 0.25 and B2 = 0.75].
[a] Ra = 103 [b] Ra = 104 [c] Ra = 106
Figure 8 Streamlines ‘‘top” and isotherms ‘‘bottom” [A= 1, U= 150, e= 0.25, B1 = 0.25 and B2 = 0.75].
[a] Ra = 103 [b] Ra = 104 [c] Ra = 106
Figure 9 Streamlines ‘‘top” and isotherms ‘‘bottom” [A= 1, U= 180o, e= 0.25, B1 = 0.25 and B2 = 0.75].
924 S.M. Elsherbiny, O.I. IsmailB2 = 0.75]. For Ra = 10
3, the flow shows what is known as
‘‘Benard cells” which consist of four vortices distributed
equally along the space of the cavity. As Ra increases the
rotational speed of the vortices gets higher but the streamli-
nes stay the same. The isothermal lines for Ra = 103, show a
plume above each heater with symmetry along the vertical
centerline of the cavity. For Ra = 106, the plumes are dis-
torted and the isotherms at the top of the cavity are parallel
to the cold wall.3.3.9. For A = 10, and U= 0
Fig. 11 shows the streamlines ‘‘top” and the isotherms ‘‘bot-
tom” of case [A= 10, U= 0o, e= 0.25, B1 = 0.25 and
B2 = 0.75]. For Ra = 10
3, the flow consists of four vortices
distributed equally along the space of the cavity. As Ra
increases the cores of the vortices are elongated in the horizon-
tal direction. The isothermal lines for Ra = 103, show two
plumes above each heater with symmetry along the vertical
centerline of the cavity. For Ra = 106, the plumes are
[a] Ra = 103 [b] Ra = 106
Figure 10 Streamlines ‘‘top” and isotherms ‘‘bottom” [A= 5, U= 0, e= 0.25, B1 = 0.25, and B2 = 0.75].
[a] Ra = 103
[b] Ra = 106
Figure 11 Streamlines ‘‘top” and isotherms ‘‘bottom” [A= 10, U= 0, e= 0.25, B1 = 0.25 and B2 = 0.75].
Table 2 Average Nusselt numbers for different cases.
A B1 B2 e U Avg. Nu for Ra showed
103 104 105 106
1 0.25 0.75 0.25 0 1.77 2.863 5.07 11.16
30 1.989 3.562 6.513 12.268
60 2.007 3.726 7.181 14.063
90 1.83 3.593 7.144 13.863
120 1.45 2.469 4.239 7.482
150 1.075 1.245 1.4 1.582
180 0.94 0.94 0.944 0.954
5 0 1.718 2.771 4.44 6.91
10 1.365 2.197 3.37 5.24
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Figure 12 Effect of tilt angle from horizontal, U on average
Nusselt number (A= 1, B1 = 0.25, B2 = 0.75, and e= 0.25).
Heat transfer in air rectangular cavities 925distorted and the isotherms at the top of the cavity are parallel
to the cold wall.
3.2. Average Nusselt number
Table 2 shows the average Nusselt number, Nu for different
cases. The Rayleigh number changes in the range
103 6 Ra 6 106. The tilt angle from the horizontal, U changes
in the range 0 6 U 6 180. The aspect ratio, A takes thevalues of 1, 5 and 10. Other parameters are kept constant at
B1 = 0.25, B2 = 0.75, and e= 0.25.
Fig. 12 shows the effect of changing the tilt angle, U from 0
to 180 on the average Nusselt number, Nu at both Ra = 103,
and Ra = 104. The average Nusselt increases with increasing U
from 0 up to 45 then decreases to about unity at U= 180.
Fig. 13 describes the same effect on the individual heaters at
Rayleigh number of Ra = 104. For the lower heater, Nu
increases with U from 0 up to 75 then decreases to a value
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Figure 13 Effect of tilt angle, U on Nu over heaters at Ra = 104
(A= 1, B1 = 0.25, B2 = 0.75, and e= 0.25).
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Figure 14 Aspect ratio, A vs. average Nusselt number
(B1 = 0.25, B2 = 0.75, e= 0.25, and U= 0).
Table 3 Constants used in Eq. (15).
A Angle C1 C2 C3
10 0 0.0676 0.4219 0.1838
5 0 0.2553 0.6096 0.1803
1 0 0.7681 0.0248 0.4345
30 0.2498 0.2159 0.2904
60 0.1608 0.2187 0.3002
90 0.0860 0.2707 0.2857
120 0.1242 0.2146 0.2552
150 3.6864 6.6398 0.0100
180 0.4139 0.2454 0.0079
0
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10
12
14
16
1000 10000 100000 1000000
Correlated
Numerical
Nu avg 
Ra 
Figure 15 Comparison between numerical results and correla-
tion (15) (A= 1, B1 = 0.25, B2 = 0.75, e= 0.25, and U= 60).
Nu avg
Ra
Figure 16 Comparison between numerical results and correla-
tion (15) (A= 5, B1 = 0.25, B2 = 0.75, e= 0.25, and U= 0).
Nu avg
Ra
Figure 17 Comparison between numerical results and correla-
tion (15) (A= 10, B1 = 0.25, B2 = 0.75, e= 0.25, and U= 0).
926 S.M. Elsherbiny, O.I. Ismailclose to unity at U= 180. For the upper heater, Nu decreased
as U was increased from 0 to 180.
The effect of changing the aspect ratio, A from A= 1 to
A= 10 on the average Nusselt number is shown in Fig. 14
for constant values of Rayleigh number from 103 to 106.
Increasing the aspect ratio, A had the effect of decreasing the
average Nusselt number Nu.
4. Nusselt number correlation
The average Nusselt number for the natural convection in a
differentially heated enclosure with two localized heat sources
is a function of ‘‘A, B1, B2, e, U, Ra and Pr”. It is quite difficult
to find a single correlation containing all these parameters, andhence the correlation will be very complicated. For the case of
air (Pr = 0.71), 103 6 Ra 6 106, aspect ratio, A= 1, 5, and 10,
size ratio, e of 0.25, B1 = 0.25, B2 = 0.75, and tilt angle, U
from 0 to 180, a correlation was tried in the form
Nu ¼ C1  Be1 þ Be2
 þ C2 RaC3 ð15Þ
where C1, C2 and C3 depend on A and U as given in Table 3.
Heat transfer in air rectangular cavities 927A comparison between the numerical results and the pro-
posed correlation showed that the correlation is suitable with
a maximum deviation of 15% and more than 70% of the
points are under 1% deviation. Figs. 15 and 16 show examples
of this comparison for B1 = 0.25, B2 = 0.75, and e= 0.25.
The graphs show a good match between the numerical results
and the correlation (see Fig. 17).
5. Conclusion
Natural convection in a differentially heated enclosure was
studied numerically. The governing equations were discretized
using the center differencing method and the equations were
solved with its conjugate boundary conditions by using
Gauss–Seidel iteration method (line by line elimination tech-
nique). A regular grid with a size of 42  42 was used to illus-
trate the boundary layer heat transfer. The results are
displayed in the form of isotherms and streamlines contours.
These contours are drawn by Surfer 10 software.
The tilt angle from the horizontal, U affects Nu signifi-
cantly. It was shown that the maximum Nu could be obtained
by tilting the cavity 60 from the horizontal. As U increases
beyond 60, Nu starts to decrease until it reaches its minimum
value at U= 180. It was also shown that at U= 150, the
effect of Rayleigh number on the average Nusselt number is
very low. At tilt angle 180 from the horizontal, the average
Nusselt number becomes completely independent of Rayleigh
number. The aspect ratio, A affects the average Nusselt
number, Nu. It was shown that by increasing the aspect ratio
from 1 to 10, Nu decreased by about 23%. The position
ratios, B1 and B2 affect Nu as it was shown that moving
the heaters away from each other resulted in decreasing Nu
by about 15%.
A correlation for the average Nusselt number was obtained
to represent the numerical results and a comparison was also
made between the numerical results and the proposed correla-
tion. It was found that the correlation is suitable with maxi-
mum deviation of 15%.References
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